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ABSTRACT 

A review i s  presented concerning the  i n t e r -  
r e l a t i o n s h i p s  between app l i ed  s t r e s s  and t h e  
expected se rv i ce  l i f e  o f  a l k a l i n e  f u e l  c e l l s .  
Th is  paper w i l l  con f i ne  I t s e l f  t o  t h e  phys ica l ,  
chemical, and e lec t rochemica l  phenomena t h a t  take 
p lace  w i t h i n  the  f u e l  c e l l  s tack  p o r t i o n  o f  an  
o v e r a l l  f u e l  c e l l  system. A b r i e f  review w i l l  be 
g iven  cover ing  t h e  s i g n i f i c a n t  improvements i n  
performance and l i f e  over the  pas t  two decades a s  
w e l l  as suimnarlzlng t h e  more recent  advances i n  
understanding which can be used t o  p r e d i c t  t h e  
performance and l i f e  c h a r a c t e r i s t i c s  o f  f u e l  c e l l  
systems t h a t  have y e t  t o  be b u i l t .  

I INTRODUCTION 

A l k a l i n e  f u e l  c e l l s  c u r r e n t l y  serve as t h e  on- 
board source o f  e l e c t r i c a l  power f o r  the  Space 
S h u t t l e .  As such, they  a r e  t h e  produc t  o f  an 
es tab l i shed  technology base and an in-place 
i n d u s t r i a l  manufactur ing c a p a b i l i t y .  T h i s  tech- 
nology has been under development f o r  over twenty 
years and has undergone severa l  i t e r a t i o n s  w i th  
regard t o  the  system design phi losophy, t h e  
m a t e r i a l s  used i n  t h e  c o n s t r u c t i o n  of  t h e  various 
c e l l  components, and the  general  understanding o f  
t h e  performance degradat ion and f a i l u r e  modes o f  
these dev ices .  Th is  da ta  base, i n  terms o f  funda- 
mental and phenomenological understanding o f  the 
phys i ca l  and e lec t rochemica l  processes, p l u s  t h e  
accumulated l i f e  t e s t  and pos t  t e s t  analyses, 
pe rm i t  a more accura te  p r e d i c t i o n  o f  hardware 
performance and p ro jec ted  use fu l  l i f e  by the  power 
system des ign  engineer. I t  has a l s o  permit ted 
the  advanced component development e f f o r t s  t o  be 
d i r e c t e d  toward the  c r i t i c a l  components i n  t e r m s  
of  l i f e  and performance. The understanding o f  
t he  s t r e s s - l i f e  i n t e r r e l a t i o n s h i p s  associated 
w i t h  a l k a l i n e  f u e l  c e l l s  has n o t  on l y  r e s u l t e d  i n  
t h e  improvement o f  these devices,  b u t  can lead t o  
c r e d i b l e  p ro jec ted  performance and se rv i ce  l i f e  
of devices t h a t  have n o t  y e t  been made. 

A l k a l i n e  f u e l  c e l l s ,  as manufactured by I n t e r -  
n a t i o n a l  Fuel C e l l s  Corporat ion,  a r e  r e f e r r e d  t o  
as t rapped e l e c t r o l y t e  c e l l s .  As such, each c e l l  
i s  f i l l e d  w i t h  an amount o f  e l e c t r o l y t e  t h a t  i s  

n o t  shared w i t h  nor  i s  i n  comnunication w l t h  any 
o the r  c e l l .  The s e n s i t i v l t y  o f  t h i s  e l e c t r o l y t e  
t o  contaminat ion  by carbon d i o x i d e  has r e s u l t e d  
i n  t h e  development o f  o x i d a t i o n  r e s i s t a n t  
m a t e r i a l s  o f  c o n s t r u c t i o n  and the  s p e c i f i c a t i o n  
o f  spec ia l  p u r i t y  requirements f o r  t h e  reac tan t  
gases used f o r  a l k a l i n e  c e l l s .  The e f f e c t  o f  
carbon d i o x i d e  on a l k a l i n e  f u e l  c e l l s  i s  
de t r imen ta l  i n  severa l  ways which w i l l  be 
o u t l i n e d  i n  more d e t a i l  i n  a l a t e r  sec t i on .  
S u f f i c e  i t  t o  say here t h a t  t he  technology a t tack  
on the  problem was two- fo ld :  1 )  reduce the  
sources o f  contaminat ion,  and 2 )  reduce the  
e f f e c t  t h a t  these contaminants have on the  
performance and l i f e  o f  an a l k a l i n e  f u e l  c e l l .  

This dual-pronged a t t a c k  over t h e  l a s t  severa l  
decades has r e s u l t e d  i n  increases i n  t h e  expected 
se rv i ce  l i f e  f rom an e a r l y  value t h a t  was measured 
i n  t h e  hundreds o f  hours, t o  t h e  Shu t t l e -v in tage  
technology ( c u r r e n t l y  t e n  years o l d )  where thou- 
sands of hours have been v e r i f i e d  v i a  l i f e  t e s t -  
ing .  Advanced technology hardware which Incorpo- 
r a t e s  t h e  most recen t  improvements i n  m a t e r i a l s  
o f  c o n s t r u c t i o n  and c a t a l y s t  systems, can be 
p ro jec ted  t o  have tens  o f  thousands o f  hours of  
opera t ion .  As more and more l i f e  t e s t  r e s u l t s  
and fundamental understanding became a v a i l a b l e ,  
degradat ion  models and s t r e s s  versus l i f e  i n t e r -  
r e l a t i o n s h i p s  became more c r e d i b l e .  Th is  has 
pe rm i t ted  t rade -o f f s  t o  be made f o r  t h e  p a r t i c u l a r  
mrssion under cons ide ra t i on .  These t r a d e - o f f s  
have been fac to red  i n t o  a number o f  p o t e n t i a l  
m iss ion  a p p l i c a t i o n s  r e s u l t i n g  i n  the  emergence 
o f  a l k a l i n e  f u e l  c e l l  systems as  a very  competi- 
t i v e  cho ice  f o r  t h e  power source over  a wide 
spectrum o f  power l e v e l s  and miss ion  du ra t i ons .  

I 1  THE ALKALINE FUEL CELL 

F igure  1 d e p i c t s  the  general  makeup o f  an a l k a l i n e  
f u e l  c e l l  o f  t h e  t ype  under cons ide ra t i on  here.  
An absorbent separa tor  i s  p o s i t i o n e d  between two 
t h i n  ca ta l yzed  e lec t rodes .  Behind t h e  hydrogen 
e lec t rode  i s  l oca ted  an e l e c t r o l y t e  r e s e r v o i r  
which i s  p a r t i a l l y  f i l l e d  w i t h  e l e c t r o l y t e  and i s  
i n  comnunicat ion w i t h . t h e  e l e c t r o l y t e  i n  t h e  o t h e r  
p a r t s  o f  t h e  c e l l  by v i r t u e  o f  t h e  c a r e f u l l y  engi-  
neered s e l e c t i o n  o f  t h e  pore s i z e  and w e t t a b i l i t y  
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c h a r a c t e r i s t i c s  o f  t h e  i n d i v i d u a l  components. The 
reader  i s  r e f e r r e d  t o  e a r l i e r  papers f o r  a more 
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FIGURE 1 
FUEL CELL EMPLOYING ELECTROLYTE RES€RVOIR 

d e t a i l e d  d iscuss ion  o f  t h e  o r e  s i z e  eng ineer ing  
aspects  of these devices P * 2 .  The components 
o f  F i g u r e  1 a r e  bonded t o g e t h e r  and a c c u r a t e l y  
p o s i t i o n e d  r e l a t i v e  t o  one another  by a non- 
m e t a l l i c  " p i c t u r e  frame" around t h e  edge. I n  a 
completed s tack  o f  c e l l s ,  waste h e a t  i s  removed 
b y  p l a c i n g  c o o l i n g  p la tes  between c e l l s  i n  t h e  
s tack  a t  a p p r o p r i a t e  i n t e r v a l s  d i c t a t e d  by t h e  
r e q u i r e d  temperature p r o f i l e s .  A s tack  o f  c e l l s  
and c o o l i n g  p l a t e s  i s  u s u a l l y  connected i n  a 
b i p o l a r  manner and held t o g e t h e r  u s i n g  a s e r i e s  
o f  t i e  b o l t s  between two end p l a t e s .  

Product  water  i s  removed b y  c i r c u l a t i n g  an excess 
amount o f  hydrogen gas through t h e  c e l l  and then 
c o o l i n g  t h e  humid hydrogen gas t o  t h e  d e s i r e d  dew 
p o i n t .  The c o n t r o l  of t h e  dew p o i n t  by t h e  f u e l  
c e l l  system i s  very  c r i t i c a l  t o  t h e  proper  opera- 
t i o n  o f  t h e  c e l l  and even more c r i t i c a l  t o  t h e  
proper  o p e r a t i o n  o f  the  system. 

T h i s  d e s c r i p t i o n  o f  the makeup and o p e r a t i o n  o f  
an a l k a l i n e  f u e l  c e l l  system employing t rapped 
e l e c t r o l y t e  has been by necess i ty  very  super- 
f i c i a l ,  b u t  i t  w i l l  be f u l l y  adequate f o r  t h e  
complete understanding o f  t h e  m a t e r i a l  t h a t  i s  t o  
f o l l o w .  

J I I  PERFORMANCE DEGRADATION 

I n  a l k a l i n e  f u e l  c e l l s ,  performance degradat ion  i s  
a f u n c t i o n  of two main f a c t o r s ,  t h e  long- te rm c a r -  
bonate contaminat ion o f  t h e  e l e c t r o l y t e ,  and e l e c -  
t r o d e  s t a b i l i t y .  Reference 3 addresses t h e  sub- 
j e c t  o f  t h e  var ious  consequences on c e l l  perform- 
ance of e l e c t r o l y t e s  t h a t  become contaminated w i t h  
carbonates. Equat ion 1 descr ibes  t h e  o v e r a l l  r e -  
a c t i o n  between carbon d i o x i d e  and s o l u t i o n s  o f  po- 
tass ium hydroxide which a r e  used as t h e  e l e c t r o -  
l y t e  i n  these c e l l s :  

C 0 2  t 2KOH = K2CO3 + H 2 0  ( 1 )  

Carbonated e l e c t r o l y t e s  n o t  o n l y  have a lower  
i o n i c  c o n d u c t i v i t y  compared t o  pure  hydrox ide  
s o l u t i o n s ,  b u t  a l s o  the e lec t rochemica l  perform- 
ance o f  hydrogen and oxygen e lec t rodes  i s  
1 ower3. 

I n  a d d i t i o n ,  carbonated e l e c t r o l y t e s  have h i g h e r  
vapor pressures than pure  c a u s t i c  s o l u t i o n s 3 .  
Since t h e  c o n t r o l  subsystem i s  s e t  t o  a f i x e d  dew 
p o i n t ,  t h e  e l e c t r o l y t e  volume assoc ia ted  w i t h  a 
g i v e n  dew p o i n t  i s  somewhat l e s s  a f t e r  carbona- 
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t i o n  occurs.  T h i s  c h a r a c t e r i s t i c  r e s u l t s  i n  a 
gradual  " d r y i n g  o u t "  o f  a c e l l  as t h e  e l e c t r o l y t e  
becomes prO9reSSiVelY more carbonated. Th is  
p a r t i c u l a r  aspect of t h e  problem was reso lved i n  
p a r t  by t h e  i n c o r p o r a t i o n  o f  t h e  e l e c t r o l y t e  
r e s e r v o i r  w i t h i n  t h e  c e l l 4 .  Th is  r e s e r v o i r  n o t  
o n l y  p e r m i t s  t h e  c e l l  t o  accommodate temporary 
d r y i n g  o r  Wet t ing  t r a n s i e n t s  encountered d u r i n g  
normal opera t ion ,  b u t  a l l o w s  f o r  t h e  gradual  l o s s  
o f  e l e c t r o l y t e  volume d u r i n g  t h e  course o f  e l e c -  
t r o l y t e  carbonat ion .  I n  extreme cases, t h e  a c t u a l  
p r e c i p i t a t i o n  o f  s o l i d  m a t e r i a l  can occur  f rom 
t h e  s o l u t i o n  as t h e  s o l u b i l i t y  l i m i t  i s  exceeded. 

The sources o f  carbonate contaminants have been 
found t o  be carbon-bear ing gases (C02,. CO, 
CH4, e t c . )  p resent  i n  t h e  p a r t s - p e r - m i l l i o n  
range i n  t h e  r e a c t a n t  feed streams, as wel: as t h e  
n o n m e t a l l i c  m a t e r i a l  used as t h e  c e l l  f raming 
m a t e r i a l .  Th is  m a t e r i a l  i s  s u b j e c t  t o  a very  slow 
r a t e  o f  o x i d a t i o n  caused by c o n t a c t  w i t h  t h e  o x y -  
gen r e a c t a n t  gas. T h i s  o x i d a t i o n  r a t e  i s ,  o f  
course, temperature and pressure dependent. As 
w i l l  be seen i n  a l a t e r  s e c t i o n ,  c o n s t a n t  a t t e n -  
t i o n  t o  t h e  carbonat ion  problem has r e s u l t e d  i n  
r e a c t a n t  gas h a n d l i n g  procedures and new c e l l  
f raming m a t e r i a l s  t h a t  have r e s u l t e d  i n  an ever  
decreasing s i g n i f i c a n c e  o f  t h i s  source o f  p e r -  
formance degradat ion.  

As no ted  above, long- te rm e l e c t r o d e  s t a b i l i t y  con-  
s i d e r a t i o n s  represent  t h e  second c l a s s  o f  per fo rm-  
ance degradat ion  phenomena. A t  t imes,  e l e c t r o d e  
s t a b i l i t y  i s  assoc ia ted  w i t h  t h e  e l e c t r o c a t a l y s t  
w h i l e  a t  o thers ,  i t  i s  r e l a t e d  t o  t h e  e l e c t r o d e  
s t r u c t u r e .  E l e c t r o c a t a l y s t s  a r e  known t o  be sub- 
j e c t  t o  po isoning,  b u t  a more s u b t l e  and impor tan t  
s e t  o f  problems can stem f rom t h e  very  slow 
changes i n  e l e c t r o d e  performance caused by t h e  
r e c r y s t a l l i z a t i o n  o f  t h e  angstrom-sized c a t a l y s t  
p a r t i c l e s  o r  t h e  very  slow e l e c t r o - d i s s o l u t i o n  o f  
t h e  c a t a l y s t  m a t e r i a l  i t s e l f .  Also, w i t h i n  t h e  
p a s t  few years, i t  has been found t h a t  a very  
gradual  process takes p l a c e  a t  t h e  hydrogen 
e l e c t r o d e  t h a t  a l t e r s  i t s  degree o f  h y d r o p h o b i c i t y  
such t h a t  t h e r e  i s  a gradual  inc rease i n  t h e  i n -  
t r u s i o n  o f  e l e c t r o l y t e  i n t o  t h e  e l e c t r o d e  s t r u c  - 
t u r e .  Th is  r e s u l t s  i n  a p rogress ive  loss  o f  
g a s / e l e c t r o c a t a l y s t  i n t e r f a c e  and thus ,  lower  
e l e c t r o d e  performance. Th is  has been a t t r i b u t e d  
t o  t h e  e l e c t r o p h o r e t i c  t y p e  movement o f  s o l u b l e  
s i l i c a t e s  f rom t h e  e l e c t r o l y t e  m a t r i x  i n t o  t h e  
hydrogen e l e c t r o d e  s t r u c t u r e 5 .  

I t  i s  n o t  t h e  i n t e n t  o f  t h i s  paper t o  present  a 
complete d i s c u s s i o n  o f  t h i s  s u b j e c t .  What i s  
impor tan t ,  however, i s  t o  know t h a t  chemical and 
e lec t rochemica l  techniques e x i s t  t o  mon i to r  and 
measure t h e  i m p o r t a n t  aspects o f  t h e  e l e c t r o -  
chemical performance o f  t h e  hydrogen and oxygen 
e lec t rodes  s e p a r a t e l y  so as t o  q u a n t i t a t i v e l y  
assess t h e  c o n t r i b u t i o n  o f  t h e  d i f f e r e n t  sources 
o f  t h e  e l e c t r o d e  performance degradat ion process.  

Over rough ly  t h e  p a s t  two decades, these two 
groups o f  phenomena have been under cons tan t  
s c r u t i n y .  What were once sources of  g r e a t  concern 
have been addressed and so lved such t h a t  they  a r e  
no l o n g e r  m a t t e r s  o f  pr ime importance. As one 
t y p e  o f  performance degradat ion  recedes i n  impor- 
tance. a s m a l l e r  phenomenon p r e v i o u s l y  obscured 
o r  overwhelmed by t h e  preced ing  c h a r a c t e r i s t i c s  
now comes more c l e a r l y  i n t o  focus SO i t  t o o  can 
be addressed and reso lved i n  l i k e  manner. 



Iv THE PERFORMANCE DEGRADATION MODEL 

I n  a very  s i m p l i s t i c  d e s c r i p t i o n ,  t h e  performance 
degradat ion  model f o r  an a l k a l i n e  f u e l  c e l l  simply 
represents  an e f f o r t  t o  c h a r t  t h e  e f f e c t  on c e l l  
performance o f  a l l  t h e  c o n t r i b u t o r s  t o  t h e  two 
sources o f  degradat ion  o u t l i n e d  i n  t h e  preceding 
sec t i on .  I n  i t s e l f ,  t h i s  i s  n o t  a p a r t i c u l a r l y  
s imp le  t a s k  s ince  n o t  o n l y  i s  t h e  s t a t e  o f  t h e  
technology c o n t i n u a l l y  changing t o  r e f l e c t  the 
r e s u l t s  o f  t h e  component improvement e f f o r t s ,  but, 
more impor tan t l y ,  t h e  d e f i n i t i o n  o f  c e l l  o r  stack 
f a i l u r e  can be somewhat a r b i t r a r y .  From exper i -  
ence i n  t h e  f i e l d  o f  s i n g l e  c e l l  t e s t i n g ,  i t  i s  
known t h a t  p roper  m u l t i - c e l l  stack opera t ion  
becomes s t a t i s t i c a l l y  u n r e l i a b l e  when t h e  average 
convers ion  o f  t h e  hydrox ide  t o  carbonate has 
reached 30%. This i s  where t h e  cumula t ive  e f f e c t s  
o f  t h e  reduced c o n d u c t i v i t y ,  volume and r e a c t i v i -  
t y ,  as w e l l  as p o s s i b l e  p r e c i p i t a t i o n  a t  t h e  c e l l  
gas i n l e t  a l l  come toge the r  i n  such a manner t h a t  
among a s e t  o f  t h i r t y  o r  so c e l l s  grouped together  
i n  a power p l a n t ,  one o r  more c e l l s  f rom t h i s  sta- 
t i s t i c a l  g roup ing  may e x h i b i t  e r r a t i c  performance. 
Th is  30% convers ion  l i m i t  appears t o  be a s u f f i -  
c i e n t  c r i t e r i o n  f o r  c e l l  f a i l u r e ;  bu t ,  a t  o ther  
t imes, power p l a n t  " f a i l u r e "  may be de f ined as a 
l oss  o f  some number o f  v o l t s  as requ i red  by the 
power e l e c t r o n i c s  o f  t h e  spacecra f t .  It should 
be noted t h a t  i n  bo th  o f  these d e f i n i t i o n s  of 
" f a i l u r e " .  t he re  i s  no abrupt  f a i l u r e  as such, 
b u t  o n l y  a gradual  r a t e  o f  decay o f  opera t ing  
vo l tage  t o  some predetermined p o i n t  which may or 
may n o t  be assoc ia ted  w i t h  an i n c i p i e n t  cata- 
s t roph ic  reduc t i on  i n  performance. 

F igu re  2 shows t h e  impact on c e l l  performance 
caused by t h e  accumulat ing carbonates, as a func- 
t i o n  o f  c u r r e n t  dens i t y .  The combined e f f e c t s  of  
increased e l e c t r o l y t e  res i s tance  and reduced e lec-  
t r o d e  performance a r e  inc luded i n  these data c o l -  
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FIGURE 2 
EFFECT OF CARBONAlES ON CELL PERFORMANCE 

l e c t e d  f rom c e l l  t e s t i n g  as p a r t  o f  some I F C -  
sponsored work. Since s ta te -o f  - t he -a r t  aerospace 
power supp l ies  operate i n  t h e  v i c i n i t y  o f  30 
v o l t s ,  and a f u e l  c e l l  o f  t h e  t ype  under d iscus-  
s i o n  operates a t  about 0.9 v o l t s ,  a power p l a n t  
i s  made up of m u l t i p l e  stacks con ta in ing  about 32 
c e l l s .  From F igure  2, i f  t h e  power p l a n t  w e r e  
ope ra t i ng  a t  a c u r r e n t  d e n s i t y  of  100 amperes per 
square f o o t  (ASF) and carbonat ion  were the  on ly  
degradat ion  mechanism, t h e  30% carbonate conver- 

s ion  l i m i t  would be reached when t h e  o v e r a l l  s tack  
vo l tage  decreased by 0.48 V (32 c e l l s  x 1 5  mV/ 
c e l l ) .  The leng th  of  t ime  requ i red  t o  reach t h i s  
vo l tage  c u t o f f  depends on severa l  f a c t o r s .  

1. Carbonates due t o  carbon bear ing  gases w i l l  be 
p r o p o r t i o n a l  t o  t h e  product o f  t h e  elapsed t i m e  
m u l t i p l i e d  by t h e  carbon conten t  o f  t h e  r e a c t a n t  
gases t imes t h e  c u r r e n t  dens i t y .  A l l  o the r  t h i n g s  
be ing  equal, l i f e  w i l l  be i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  c u r r e n t  dens i t y .  

2. The carbonates r e s u l t i n g  f rom frame c o r r o s i o n  
w i l l  depend on t h e  t ype  o f  f raming m a t e r i a l  used, 
t h e  temperature o f  ope ra t i on  o f  t h e  f u e l  c e l l ,  and 
t o  a f i r s t  approximat ion,  t h e  d u r a t i o n  o f  opera- 
t i o n .  There appears t o  be a gradual  reduc t i on  i n  
t h e  r a t e  o f  frame o x i d a t i o n  as t ime  goes on. F i g -  
u r e  3 i s  a summary o f  t he  c e l l  frame c o n t r i b u t i o n  
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FIGURE 3 
EXPECTED CARBONATE FORMATION FOR 

FIBERGLASS/EPOXY FRAME CELLS 

t o  carbonat ion  i n  t h e  p roduc t i on  Space S h u t t l e  
c e l l  as a f u n c t i o n  o f  t ime  f o r  severa l  tempera- 
t u r e s  o f  opera t ion .  These temperatures a l l  l i e  
w i t h i n  the  rea lm o f  p o s s i b i l i t y  s ince  acceptab le  
e lec t rochemica l  performance i s  n o t  t o o  low a t  t h e  
lower  end o f  t h e  range and t h e  o x i d a t i o n  r a t e  i s  
n o t  t o o  h igh  a t  t h e  h ighe r  end o f  t h e  range. It 
i s  seen f rom t h i s  p l o t  t h a t  wi th t h e  g i ven  
c r i t e r i o n  o f  30% conversion t o  carbonates w i t h i n  
t h e  c e l l  e l e c t r o l y t e ,  a power p l a n t  ope ra t i ng  a t  
ZOOOF would have a s t a t i s t i c a l  l i f e  c a p a b i l i t y  
o f  4500 hours, whereas one opera t i ng  a t  16OoF 
would have a p r o j e c t e d  s t a t i s t i c a l  l i f e  c a p a b i l i t y  
i n  excess o f  10,000 hours. This assumes t h a t  a l l  
o f  t h e  performance degradat ion  i s  caused by c a r -  
bonate e f f e c t s .  The f u e l  c e l l s  used on t h e  Space 
S h u t t l e  a r e  s e t  t o  have a coo lan t  i n l e t  tempera- 
t u r e  o f  180°F so t h a t  t h e  average temperature 
would be about 19OOF.  Several  a l k a l i n e  f u e l  
c e l l  technology improvements, i n c l u d i n g  c o r r o s i o n -  
r e s i s t a n t  c e l l  edge frames and mat r ices ,  d iscussed 
l a t e r ,  have t h e  p o t e n t i a l  t o  extend t h e  s t a t i s t i -  
c a l  l i f e  c a p a b i l i t y  o f  t h e  c e l l  by a f a c t o r  o f  
f i f t e e n .  

Knowledge o f  f a c t o r s  1 and 2 he lp  t o  es t imate  t h e  
amounts o f  carbonates t h a t  a r e  formed, o r  t h e  
percentage convers ion  o f  hydrox ide  t o  carbonates.  
The c e l l  design, e s p e c i a l l y  i t s  e l e c t r o l y t e  inven-  
t o r y ,  w i l l  determine t h e  o v e r a l l  e f f e c t  t h a t  these 
contaminants w i l l  have on t h e  c e l l  opera t ion .  The 
da ta  f rom F igu re  3 i s  p red ica ted  upon a p a r t i c u l a r  
e l e c t r o l y t e  i n v e n t o r y  t h a t  i s  a f u n c t i o n  o f  t h e  
th ickness  o f  t he  e l e c t r o l y t e  r e s e r v o i r .  A t  t h e  
expense o f  a t h i c k e r ,  heav ie r  c e l l ,  a l onger  en- 



durance p e r i o d  cou ld  be obtained. 

3. Performance losses due t o  c a t a l y s t  sur face  
area reduc t ions  have been a t o p i c  t h a t  has r e c e i v -  
ed much a t t e n t i o n  over t h e  years. The reader i s  
r e f e r r e d  t o  t h e  t o p i c a l  repo r t s  t h a t  have address- 
ed t h a t  area o f  component development 6 9 7 9 B .  A 
genera l  statement on t h i s  sub jec t  i s  t h a t  i n  t h e  
pas t ,  carbonat ion  e f f e c t s  have t y p i c a l l y  overshad- 
owed t h e  c a t a l y s t  a c t i v i t y  l oss .  T a f e l  p l o t s  o f  
hydrogen and oxygen h a l f - c e l l  da ta  have been very 
use fu l  i n  d i f f e r e n t i a t i n g  between changes i n  the  
i n t e r n a l  res i s tance  of  a c e l l  and t h e  change i n  
t h e  a c t i v e  area associated w i t h  e i t h e r  t h e  anode 
o r  cathode. 

4. Performance degradat ion due t o  t h e  reduc t i on  
o f  t h e  non-wett ing c h a r a c t e r i s t i c s  o f  t h e  hydrogen 
e lec t rode  i s  a phenomenon t h a t  i s  de tec tab le  o n l y  
a f t e r  some f i v e  t o  ten thousand hours o f  opera- 
t i o n .  By making a s i g n i f i c a n t  change i n  the  
anode s t r u c t u r e  and the t ype  o f  c a t a l y s t  system 
used, s i g n i f i c a n t  improvements have been made i n  
t h i s  area. Th is  w i l l  be discussed more f u l l y  i n  
t h e  sec t i ons  r e l a t e d  t o  component improvements. 

The exac t  degradat ion  model w i l l  be a f u n c t i o n  o f  
t h e  r e l a t i v e  s i g n i f i c a n c e  o f  t h e  f a c t o r s  o u t l i n e d  
above. Some l i f e  data as a f u n c t i o n  o f  c u r r e n t  
d e n s i t y  c o l l e c t e d  a t  a p o i n t  i n  t ime  when reac tan t  
i m p u r i t i e s ,  c e l l  frame ox ida t i on ,  and loss  o f  
c a t a l y s t  area were a l l  s t i l l  c o n t r i b u t i n g  f a c t o r s  
t o  t h e  o v e r a l l  performance degradat ion  process 
are  shown i n  F igure  4. The da ta  i n d i c a t e  t h a t  
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FIGURE 4 
CELL LIFE AS A FUNCTION OF CURRENl  DENSITY 

t h e  l i f e  i s  i n v e r s e l y  r e l a t e d  t o  t h e  square o f  t he  
c u r r e n t  d e n s i t y  of  operat ion.  Since t h e  t ime  o f  
t h i s  e a r l y  h i g h  power dens i t y  da ta  generated f o r  
an A i r  Force program dur ing  the  l a t e  1960's and 
t h e  da ta  ob ta ined from t h e  mid-1970's-v intage 
c e l l s ,  t h e r e  have been severa l  technology improve- 
ments i nco rpo ra ted  i n t o  the  c e l l s .  These inc lude  
a process f o r  r e f i n i n g  ou t  some o f  t h e  i m p u r i t i e s  
i n  t h e  asbestos mat r ix  o r  rep lac ing  t h i s  t ype  of 
separa tor  by t h e  newly developed, more durab le  
b u t y l  rubber bonded potassium t i t a n a t e  m a t r i x .  A 
polyphenylene s u l f i d e  c e l l  edge frame w i t h  demon- 
s t r a t e d  o x i d a t i o n  res is tance and low c e l l  carbon- 
a t e  fo rma t ion  has been i d e n t i f i e d .  Anode and ca th-  
ode c a t a l y s t  l aye rs  have been developed f o r  long  

l i f e .  A supported P la t inum c a t a l y s t  anode from 
t h e  commercial f u e l  C e l l  program has shown 
improved 1 ong-term r e s i s t a n c e  t o  e 1 e c t r o l  y t e  
f l o o d i n g  of t h e  s t r u c t u r e .  A go ld -p la t inum a l l o y  
c a t a l y s t  cathode w i t h  a lower r a t e  o f  sur face  
area l o s s  due t o  s i n t e r i n g  has been i d e n t i f i e d .  
R e l i a b l e  g o l d - p l a t e d  n i c k e l  f o i l  c o o l i n g  p l a t e s  
have a l s o  been s u b s t i t u t e d  f o r  s i l v e r - p l a t e d  
magnesium p l a t e s .  

V STRESS F A C T O N  

The r e l a t i v e  s i g n i f i c a n c e  o f  t h e  var ious  s t ress  
f a c t o r s  as they  r e l a t e  t o  a l k a l i n e  f u e l  c e l l  l i f e  
p r o j e c t i o n s  has changed over  t h e  years as t e c h n o l -  
ogy improvements have been inco rpo ra ted  i n t o  c e l l  
hardware. The var ious  causal r e l a t i o n s h i p s  may 
be summarized as f o l l o w s :  

Case 1 Performance degradat ion  c o n t r o l  l e d  by 
e x t e r n a l  sources o f  carbonat ion .  

I n  t h i s  case, t h e  c u r r e n t  dens i t y  o f  ope ra t i on  i s  
t h e  most impor tan t  s t ress  f a c t o r  i n  modeling t h e  
c e l l  decay s ince  t h e  incoming gases are  t h e  source 
o f  t h e  contaminat ion .  H i s t o r i c a l  da ta  as dep ic ted  
i n  F igu re  4, would suggest t h a t  l i f e  would be 
i n v e r s e l y  r e l a t e d  t o  the  square o f  t h e  c u r r e n t  
dens i t y ,  whereas a s imple model which i n t e g r a t e s  
t h e  value o f  t h e  cumula t ive  amp-hours would 
suggest t h a t  t h e  expected se rv i ce  l i f e  should be 
a s imple i nve rse  r e l a t i o n s h i p  o f  t h e  f i r s t  power. 

Case 2.  Performance degradat ion  c o n t r o l l e d  by 
i n t e r n a l  sources o f  carbonat ion.  (Ox ida t i on  o f  
carbon bear ing  m a t e r i a l s  used i n  the  c e l l  con- 
s t r u c t i o n ) .  

I n  t h i s  case t h e  temperature o f  ope ra t i on  i s  t he  
pr imary  de terminant  o f  t h e  use fu l  se rv i ce  l i f e .  
L i f e  would be reduced a t  e leva ted  temperatures i n  
accordance w i t h  the  Arrhenius - type a c t i v a t i o n  
energies assoc ia ted  w i t h  t h e  o x i d a t i o n  o f  t h e  c e l l  
f raming m a t e r i a l .  Cur ren t  d e n s i t y  would a l s o  be 
a f a c t o r ,  b u t  t h e  i n t e g r a l  o f  t he  t ime-temperature 
f a c t o r  would be t h e  dominant one. 

Case 3 .  Performance degradat ion  c o n t r o l l e d  by 
t h e  l oss  o f  c a t a l y s t  a c t i v i t y .  

I n  t h i s  case t h e  s t ress  f a c t o r  i s  aga in  tempera- 
t u r e  r e l a t e d  b u t  i s  compounded by h igh  c u r r e n t  
d e n s i t y  ope ra t i on  where h igh  e lec t rode  a c t i v i t y  
i s  requ i red .  I t  i s  assumed here t h a t  t he re  a r e  no 
c a t a l y s t  po ison ing  reac t i ons  t h a t  need t o  be con- 
s idered .  Th is  t ype  o f  decay process i s  a l s o  an 
Ar rhen ius- type r e a c t i o n  t h a t  slows down w i t h  t ime  
as t h e  c a t a l y s t  c r y s t a l l i t e s  become p rog ress i ve l y  
l a r g e r .  

Case 4.  Performance degradat ion  c o n t r o l l e d  by t h e  
l oss  o f  t h e  hydrophobic na tu re  o f  t h e  anode. 

I n  t h i s  case opera t i ng  temperature ( co r ros ion  r a t e  
o f  t h e  asbestos m a t e r i a l )  and t h e  c u r r e n t  d e n s i t y  
w i l l  f u n c t i o n  toge the r  as t h e  s t ress  f a c t o r s .  I n  
cases where non-asbestos m a t e r i a l s  which are  n o t  
sub jec t  t o  t h e  co r ros ion  c h a r a c t e r i s t i c s  o f  asbes- 
t o s  a r e  used, t h i s  t ype  o f  problem i s  n o t  expected 
t o  e x i s t .  

V I  CURRENT STATUS OF COMPONENT TECHNOLOGY 

The component techno log ies  t h a t  have been and 
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s t i l l  a r e  i n  t h e  process o f  being upgraded are 
p r i m a r i l y  r e l a t e d  t o  t h e  nonmeta l l i c  framing 
m a t e r i a l  used t o  accu ra te l y  p o s i t i o n  a l l  of the 
c e l l  components, t h e  separa tor  m a t e r i a l ,  t h e  
c a t a l y s t  m a t e r i a l s  and t h e  e l e c t r o d e  s t ruc tu res .  
One component t h a t  was n o t  addressed i n  the  pre- 
ceding sec t ions .  b u t  does represent  an improvement 
r e l a t i v e  t o  t h e  Shu t t l e - t ype  f u e l  c e l l  i s  the 
c o o l i n g  p l a t e  t h a t  i s  made f rom go ld  p l a t e d  n ick -  
e l  f o i l s 9 .  These a r e  t o  be con t ras ted  w i t h  t h e  
more t r a d i t i o n a l  ones made f rom magnesium p la tes  
t h a t  a re  f i r s t  e lectro-machined t o  t h e  proper 
c o n f i g u r a t i o n  and then  e l e c t r o p l a t e d  w i t h  s i l v e r  
and go ld  so as t o  fo rm a p r o t e c t i v e  sur face  t h a t  
can w i ths tand  extended pe r iods  o f  exposure t o  
potassium hydrox ide  so lu t i ons .  

The f o l l o w i n g  sec t i ons  w i l l  compare these advanced 
components w i t h  those t h a t  a r e  c u r r e n t l y  used i n  
s ta te -o f  - t h e - a r t  hardware. These comparisons w i l l  
be i n  terms o f  how much b e t t e r  these improved mat- 
e r i a l s  a r e  w i t h  regard t o  ex tend ing  t h e  serv ice  
l i f e  o f  t h e  respec t i ve  components, o r  how much 
b e t t e r  t h e  improved m a t e r i a l  i s  when sub jec ted  t o  
a standard eva lua t i on  t e s t .  These types o f  com- 
par isons  can then  be used t o  develop t h e  perform- 
a n c e / l i f e  t r a d e  o f f s  requ i red  t o  es t imate  the 
performance o f  powerplants t h a t  have y e t  t o  be 
b u i l t .  

SEPARATOR MATERIAL 

F igu re  5 shows t h e  r e s u l t s  o f  a standard cor ros ion  
t e s t  t o  which candidate separa tor  m a t e r i a l s  are 
subjected. The cond i t i ons  f o r  t he  t e s t  a re  noted 
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CORROSION-CHARACTERISTICS OF ASBESTOS 

on t h e  f i g u r e .  Corrosion, o f  course, i s  o n l y  one 
f a c t o r  t h a t  i s  evaluated. Others r e l a t e  t o  the 
a v a i l a b i l i t y  o f  t h e  ma te r ia l ,  t h e  h a n d l e a b i l i t y  
o f  t h i n  (0.010 t o  0.020") sheets o f  t h e  mater ia l  
t h a t  represent  p r a c t i c a l  separa tor  th icknesses, 
and, f i n a l l y ,  t h e  bubble p ressure  o f  t h e  completed 
mat. The bubble pressure i s  very  impor tan t  since 
i t  n o t  o n l y  i s  a measure o f  t h e  pore s i z e  charac- 
t e r i s t i c s  o f  t h e  m a t e r i a l ,  b u t  o f  t he  reproduc- 
i b i l i t y  o f  t h e  manufactured mats as w e l l .  The 
pigment-grade potassium t i t a n a t e  (PKT)  ma te r ia l  
bonded toge the r  w i t h  a smal l  amount o f  a b u t y l  
l a t e x  has a g r e a t e r  res i s tance  t o  co r ros ion  by 
h o t  concentrated potassium hydroxide so lu t ions  
( a t  t he  cond i t i ons  o f  t h e  t e s t )  by a f a c t o r  o f  
f i f t e e n .  It i s  when asbestos m a t e r i a l s  a re  used, 
t h a t  t he  gradual  l o s s  o f  hydrophobic cha rac te r  o f  
t h e  anode takes p lace .  Care fu l  pos t - tes t  ana lys is  
of c e l l s  t h a t  had been i n  ope ra t i on  f o r  5,000 t o  
10,000 hours has revea led  t h a t  t he  s o l i d  deposi ts 

which accumulated i n  t h e  anode cons is ted  p r i m a r i l y  
o f  s i l i c o n 5 .  It was thus  concluded t h a t  these 
depos i t s  had o r i g i n a t e d  w i t h  t h e  s i l i c a t e  compo- 
nent  o f  t he  asbestos. Th is  t ype  o f  d e t e r i o r a t i o n  
i s  n o t  expected t o  be assoc ia ted  w i t h  c e l l s  con-  
s t r u c t e d  f rom t h i s  newer separa tor  m a t e r i a l .  Tes t  
da ta  t o  da te  have v e r i f i e d  t h i s .  

___ CELL FRAME MATERIAL 

The c e l l  frames used i n  t h e  Shu t t l e - t ype  c e l l s  a r e  
made f rom a h igh  q u a l i t y  epoxy / f iberg lass  m a t e r i a l  
w i t h  e x c e l l e n t  d imensional  s t a b i l i t y .  It i s .  how- 
ever, sub jec t  t o  slow a t t a c k  by oxygen a t  t h e  
e leva ted  temperatures used i n  ope ra t i ng  f u e l  
c e l l s .  The potassium hydroxide a l s o  a t tacks  t h e  
f i b e r g l a s s  component o f  t h e  p l a s t i c  composite. 
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FIGURE 6 
POLYPHENYLENE SULFIDE EDGE FRAME STABILITY 

F igu re  6 dep ic t s  t h e  r e l a t i v e  s t a b i l i t i e s  o f  fram- 
i n g  m a t e r i a l s ,  measured by a s tandard ized c o r r o -  
s i o n  t e s t  i n  t h e  presence o f  oxygen under t h e  con- 
d i t i o n s  noted. Since t h e  weight l oss  i s  p ropor -  
t i o n a l  t o  t h e  subsequent carbonate fo rma t ion  i n  
t h e  c e l l ,  t h e  f i f t e e n - f o l d  inc rease i n  t h e  s t a b i l -  
i t y  o f  polyphenylene s u l f i d e  over f iberg lass /epoxy  
would be expected t o  correspond t o  an equ iva len t  
ex tens ion  o f  t he  u s e f u l  l i f e  o f  t h e  c e l l .  From 
F igu re  2, i t  i s  seen t h a t  a t  low c u r r e n t  d e n s i t y  
ope ra t i on  (100 ASF) a carbonate r e l a t e d  perform- 
ance loss  o f  15 m i l l i v o l t s  corresponds t o  t h e  30% 
l i m i t  o f  convers ion  t o  carbonates. From F igu re  
3 ,  t h i s  30% convers ion  would be expected t o  occur 
a f t e r  10,000 hours o f  ope ra t i on  a t  180°F, 
p r o v i d i n g  t h e  incoming gases were comple te ly  f r e e  
o f  carbon-bear ing gases. Th is  10,000 hours o f  
ope ra t i on  us ing  s ta te -o f - the -a r t  components cou ld  
be p ro jec ted  t o  150,000 hours us ing  t h e  improved 
frame m a t e r i a l .  A l t e r n a t i v e l y ,  one cou ld  
s a c r i f i c e  some p r o j e c t e d  l i f e  i n  o rde r  t o  reduce 
t h e  we igh t  o f  t h e  powerplant by i nc reas ing  t h e  
c u r r e n t  dens i t y  t o  400 ASF and t h e  opera t i ng  
temperature t o  ZOOOF where t h e  c a t a l y s t s  would 
be more r e a c t i v e .  The t rends  i n  p r o j e c t e d  
reduc t i on  i n  s e r v i c e  l i f e  w i t h  i nc reas ing  
temperature n o t  o n l y  have t o  take  i n t o  account 
t h e  inc reased frame co r ros ion  c h a r a c t e r i s t i c s  
f rom p l o t s  s i m i l a r  t o  F igure  3 .  b u t  would a l s o  
have t o  take  i n t o  account t h e  e f f e c t s  on t h e  
c a t a l y s t  s t a b i l i t y  t o  be o u t l i n e d  i n  t h e  nex t  
sec t i on .  

ANODE CATALYST AND STRUCTURE 

F igu re  7 shows t h e  r e s u l t s  o f  l i f e  t e s t i n g  an i m -  
proved e lec t rode  s t r u c t u r e  t h a t  i nco rpo ra ted  a new 
c a t a l y s t  system. The advanced anode s t r u c t u r e  
takes advantage o f  t h e  c a t a l y s t  work performed 
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FIGURE 7 
ANODE CATALYST PERFORMANCE CHARACTERISTICS 

FOLLOWING 5000 HOURS OF TESTING 

i n  t h e  phosphor ic ac id  programs where c r y s t a l l i t e  
s t a b i l i t y  i s  much more c r i t i c a l .  P la t inum p a r t i -  
c l e s  a r e  supported on a carbon subs t ra te .  More 
t r a d i t i o n a l  e l e c t r o d e  s t r u c t u r e s  a r e  made f rom a 
m i x t u r e  o f  c a t a l y s t  a l l o y  p a r t i c l e s  and t e f l o n  
emulsions t o  develop the  proper  degree o f  hydro- 
p h o b i c i t y .  The advanced e lec t rodes  a r e  made w i t h  
a h i g h e r  degree o f  hydrophobic i ty  i n  a n t i c i p a t i o n  
of a gradual  increase i n  t h e  w e t t i n g  cha rac te r  
d u r i n g  t h e  course o f  ope ra t i on  i n  t h e  cases where 
asbestos separa to r  ma te r ia l  i s  used. These data 
were c o l l e c t e d  a f t e r  about 5000 hours o f  ope ra t i on  
and t h e  l o s s  ( o r  ga in,  i n  t h e  case o f  t h e  advanced 
e lec t rodes )  a t  100 and 400 ASF opera t i on  i s  noted. 
The g r e a t e r  performance l o s s  a t  h i g h e r  c u r r e n t  
d e n s i t i e s  i s  i n d i c a t i v e  o f  t h e  i nc rease  i n  t h e  
w e t t i n g  cha rac te r  ( increased d i f f u s i o n a l  losses 
associated w i t h  hydrogen) o f  t h e  e lec t rode .  The 
s l i g h t  improvement i n  t h e  performance o f  t h e  ad- 
vanced e l e c t r o d e  w i t h  t i m e  r e s u l t s  f rom a gradual  
increase i n  t h e  we t t i ng  cha rac te r  o f  , t h e  e l e c t r o d e  
t o  a more op t ima l  cond i t i on .  Wi th  a non-asbestos 
m a t e r i a l ,  a more s tab le performance l e v e l  w i th  
t ime  would be expected. 

CATHODE CATALYST AND STRUCTURE 

The cathode c a t a l y s t  used i n  s ta te -o f - the -a r t  
a l k a l i n e  f u e l  c e l l s  i s  a powdered form o f  a go ld -  
p l a t i n u m  a l l o y  t h a t  i s  mixed w i t h  a t e f l o n  emul- 
s ion .  Th is  m i x t u r e  i s  t hen  spread onto a f i n e  mesh 
screen and heated t o  t h e  p o i n t  where t h e  t e f l o n  
begins t o  s i n t e r .  This e l e c t r o d e  s t r u c t u r e  i s  a 
s i g n i f i c a n t  improvement ove r  one t h a t  used a p l a t -  
inum-pal ladium a l l o y ,  i n  terms o f  o p e r a t i n g  c e l l  
vo l tage  and t h e  r a t e s  of e l e c t r o - o x i d a t i o n  and r e -  
c r y s t a l l i z a t i o n 7 .  The r a t e  o f  l o s s  o f  e l e c t r o d e  
performance due t o  r e c r y s t a l l i z a t i o n  i s  such t h a t  
a 15 m i l l i v o l t  l oss  would be expected t o  take  
p lace  ove r  a 150,000 hour p e r i o d  o f  t ime .  E l e c t r o -  
chemical techniques can measure t h e  a c t i v e  su r face  
area o f  e l e c t r o d e  s t ruc tu res  r a t h e r  accu ra te l y ,  
and these measurements can then  be used t o  p r e d i c t  
performance ove r  such long  t i m e  frames. These 
p r o j e c t i o n s  a r e  r a t h e r  s t r a i g h t f o r w a r d  and have 
been v e r i f i e d  i n  analogous s i t u a t i o n s .  The p ro -  
j e c t e d  performance degradat ion c h a r a c t e r i s t i c s  o f  
bo th  t h e  anode and the cathode a t  18OoF opera- 
t i o n  i s  such t h a t  when t h e  15 m i l l i v o l t  c u t o f f  due 
t o  carbonate e f f e c t s  i s  reached, t h e  anode and t h e  

cathode w i l l  each have l o s t  a s i m i l a r  amount, f o r  
a t o t a l  l o s s  of about 50 m i l l i v o l t s  l o s s  a f t e r  
150,000 hours of o p e r a t i o n  a t  100 ASF.  

CONCLUDING REMARKS 

Component development e f f o r t s  d i r e c t e d  toward 
i n c r e a s i n g  t h e  l i f e  and performance o f  a l k a l i n e  
f u e l  c e l l s  have r e s u l t e d  i n  s i n g l e  c e l l  hardware 
t h a t  can be p r o j e c t e d  t o  have a s e r v i c e  l i f e  
beyond 100.000 hours,  i f  t h e  r e a c t a n t  gases a r e  
mainta ined sc rupu lous l y  f r e e  o f  any carbon bear ing  
gases. Th is  s e r v i c e  l i f e  i s  w e l l  beyond most 
miss ions where f u e l  c e l l s  cou ld  p o t e n t i a l l y  be o f  
value. L i f e  vs performance t rades  thus  can be 
c a r r i e d  o u t  w i t h  a reasonable degree o f  accuracy 
us ing  t h e  well-documented performance degradat ion 
models t h a t  have been e s t a b l i s h  through a l ong  
te rm program o f  l i f e  t e s t i n g  and p o s t  t e s t  analy-  
s i s .  The r e l a t i v e  e f f e c t s  on s e r v i c e  l i f e  o f  
d i f f e r e n t  forms o f  s t r e s s  a r e  presented so t h a t  
m iss ion  p lanners can, t o  a f i r s t  approximat ion.  
e s t a b l i s h  t h e  m e r i t s  o f  a l k a l i n e  f u e l  c e l l s  f o r  
t h e  va r ious  advanced miss ions.  
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